Cu-Pd samples of compositions varying from 16 to 26 at.% Pd were irradiated in situ in the 1.5 MeV electron microscope at various temperatures.
INTRODUCTION
It is well known that, below 500·C, Cu-Pd fcc solid solutions undergo ordering reactions in the range of about 10 to 30 The earlier explanation by Sato and Toth 16 for the stability of LPS, based on Fermi surface considerations, is certainly valid, but inadequate for explaining the thermodynamics of LPS stability. The ANNNI model, in its original form 17, 18 , makes some drastic oversimplifying assumptions, for the sake of convenience, but does predict remarkably well the sequence of polytypes encountered, for example, in Al3 Til 4 and Ag 3Mg 19 systems. For such alloys, it appeared that, in agreement with the ANNNI model, the LPS could be regarded as generated by a square wave diameter disks were punched out and were jet polished in a methanol solution of 15% HN0 3 at -60·C.
After quenching, specimens were observed in a conventional electron microscope with 100 or 200kV accelerating voltage. Specimens were then transferred to the 1.5 MeV microscope of the National Center for Electron Microscopy (NCEM). Both low and high-:temperature double tilting stages were used to provide a total temperature range of -180"C to over 500"C. Some diffraction patterns were also taken at temperatures above the ordering transition. The 24% sample WjlS also irradiated at 400keV; the results were similar to those obtained at 1.5 MeV, but kinetics were slower.
Observations
Consider, for example, the 20% sample, whose diffraction patterns after various treatments are shown in Fig. 2 . Analysis of the patterns is given in Fig. 3 . The high-temperature pattern ( at this temperature, the satellite spacing (proportional to reciprocal modulations wavelength) tends to reach an asymptotic value after about 6 min.
At higher temperatures, though, the situation is altered. Irradiaton at 340·C
produces a mixed state: since intenstiy is now located at the superstructure positions, some long-range order (LRO) must be present, according to the analysis given in Fig. 3 . The evolution in time of the mixed SRO-LRO state is shown in Fig. 7 . After irradiation at -180·C produced the completely disordered state, the temperature was increased to 340·C ( At higher temperatures still, normal kinetics dominate the ballistic effects so that near-equilibrium is reached rather rapidly although the sequence SRG-+LRO is qualitatively the same as was observed at 340·0. For example, at 465°C, the 20% sample has a diffraction pattern ( After prolonged irradiation at 20·C, however, (Fig. 9a) , the < 110> spots are sufficiently intense and spherical in shape that one may affirm that no long wavelength modulation is present. The same conclusion holds at 250·C
and at 400·C where the intensity of the superlattice peaks has now increased significan tly.
For the 18% sample, the situation, as expected, is intermediate between the 16 and 20% compositions.
In situ and quenched-in fluctuation SRO patterns
show diffuse intensity maxima which no longer have spherical shape.
Prolonged irradiation at 20·C and 200·C produces patterns in which the non-sphericity is even more apparent (Fig. lOa) . At 360·C (Fig. lOb) For the 22% sample (Fig. 11) , the satellites are spaced comfortably apart, and can therefore be resolved easily, even at high temperatures above the ordering transition.
300·C and 464·C.
Patterns are shown in Fig. 11 production (tending to recreate order) and ballistic disordering operate on roughly the same time scales, and are thus competing mechanisms. The fact that SHO, rather than the expected LHO, is created is an interesting effect which has been successfully explained by Urban and co-workers:Z 9-31 on ,the basis of spinodal ordering theory, originally developed for rapidly quenched ordering systems 39 . The theory will be briefly recalled in the next Section but in essence, since the ballistic term tends to destroy order as it is formed, only small-amplitude concentration waves are allowed to exist in the solution, so that, initially, the system evolves towards the tnermodynamic state which minimizes the second-order term in the free energy expansion, which in turn governs SHO, LRO being governed by the full free energy functional.
As the irradiation temperature is increased, ordering becomes increasingly competitive since normal kinetics are greatly enhanced (300·C-400·C). At still higher temperatures, the ballistic effect is no match for the rapid normal kinetics, and LRO results (""450·).
It is planned, in future f to apply a modified form of Martin's model to modulated SRO. For the present f however, let us apply a quasi-equilibrium model to explain the steady-state morphologies described in Sect. 2.
Spinodal Ordering
Spinodal ordering theory 39,4o is based on the concentration wave idea initially proposed by La-ndau and Lifshitz 41 , Krivoglaz 42 and Khachaturyan 43 : the configurational free energy is expanded in powers of local concentration The free the subscript 0 indicating that derivatives must be evaluated in the disordered state. At equilibrium, the first-order (F 1) term vanishes, so that the difference ~F between the free energies of states containing concentration fluctuations {-y} and the completely disordered state (all ,),=0) is given by (2) In the Fourier respresentation, successive terms of the Landau expansion are given by (3) F -N r r r F"'(h h' h")
etc.
In these equations, r are the Fourier tranforms of the "/, i.e. they are Just below a second-order transition, the amplitudes I r I are vanishingly small, hence, the Fl (harmonic term) dominates the free energy expansion.
Thus, according to the Landau theory, the transition occurs when F" changes sign for that' particular ordering wave h ° which gives F" its minimum value.
The locus of a second-order transition in (c,T) phase diagram space is thus Thus, upon rapid quenching from the solid solution state to below the . .
instability temperature To, concentration waves of wave vectors in the vicinity of h a grow in amplitude before the true equilibrium LRO state has a chance to nucleate: as long as wave amplitudes I r I remain small, the Fl terms dominate and the state of order to which the system will tend is that which minimizes F", rather than the free energy itself. Concentration waves which minimize F" are also those which maximize the SRO fluctuation intensity at high temperature since, by application of the. fluctuation-dissipation theorem one has"'o ISRO(h) ~ kBT/F"(h) (6) where ks is Boltzmann's constant. now the anharmonic terms in F are prevented from taking ov~r by the disordering effect of the ballistic term which limits the growth of the wave amplitudes 1 r I. It was indeed found that, in the low temperature ranges (but not loo low) the irradiated steady state condition is characterized by the same wave vectors which characterize both the SRO fluctations seen above the the first-order transition at high temperature and the "arrested" condition at low temperature after rapid quenching.
Beyond the Lifshitz point
It is well known that any function having crystallographic symmetry, i.e.
rotational and translational, must have extrema at special points (SP) where rotational symmetry elements intersect a point (Lifshitz criterion 41 ) . The SP in the first Brillouin zone were determined for all 230 space groups,u; for fcc crystals these are <000>, <100>, <1%0> and <%%%>. Normally, one expects that F" will be minimized at one of the SP; in that case, the ordering wave hO will be that of a symmetry-dictated minimum. Different solid solutions, in various concentration ranges, can theri be classified according to the SP which minimizes F", i.e. according to the SP ordering wave instability. Thus, for example, Cu-Au and Cu-rich Cu-Pd are < 100>-instability systems, while Ni-rich Ni-Mo is < 1%O>-instability system 4 7. It may happen, of course, that F" presents accidental minima away from the SP, specifically at points zq away from the SP, along equivalent directions in reciprocal space. If the transitions are second order, then a new kind of critical point must appear, the so-called Lifshitz point 48 ,49. That point (in phase diagram space) may be defined as follows 49,13: the Lifshit~ point L is a multicritical point which divides a line of second-order transitions into two segments on one of which the equilibrium order parameter is characterized by a fixed wave vector k(hO), allowed by the Lifshitz condition (SP), while on the second, k(h) varies continuously as some parameter (such as concentration) is varied. Point L is also the terminus of a second line which separates the phase diagram into two regions, one along which F" is minimized by wave hO at a SP, one along which F" is minimized by wave h=hozq (q=O).
In the case of interest here, satellite reflections are located along a line in reciprocal space at positions hlO (and crystallographically equivalent). Any k-.space function, in particular F", having required fcc symmetry, can be 13 expanded in a sum of "shell functions" '5 (one for each coordination shell s) as follows 39:
F"Ck) = I Ws 'sCk) + '0 (7) s where the w s are effective interaction. parameters, all h-independent terms having been collected into + o'
The shell functions, given explicitly elsewhere 39, at hIO take the form:
where PI' P2, P3 are Miller indices of an arbitrary lattice point in the sth shell, and Zs is the coordination number of the shell. Since, on the fcc lattice, the three Pi'S must be· either all integers, or one an integer and the two others half-integers, it turns out that only "even cosines," of the form cos2nnh (n:l,2,oo.), survive in Eq. (8) . When like cosines are grouped in Eq.
(7), the following expression results:
F"(hlO) = I I n cos2~nh + .0 (9) n where the effective axial interactions J n can be expressed as linear combinations of the WSf defined in Eq. (7). In the Bragg-Williams approximation, the parameters are temperature independent pair interactions, usually denoted by the symbol V Sl hence, in that approximation the I n are also temperature-independent.
The cosine series (9) has exactly the same form as that for the ANNNI model, so that the derivations given previously '3 can be taken over with no 14 essential modifications.
Thus, it is convenient to expand. the harmonic coefficient F" in powers of the difference q=h-h o about the appropriate SP:
F"(h;T,c) = ~o + ~2q;Z + ~4q4 + ••. (10) [n this equation, odd derivatives ~ do not appear since they m1,.1st vanish by symmetry at the SP h 0 about which they are evaluated.
It was shown elsewhere 13 that, usually, ~4 must be positive, so that, sufficiently close to point L, the expansion (10) may be limited to fourth order jn q. Minima of F" are then located at qm i n=O and at ( 11) the second solution being valid for +;z <0. Inserting qmi n into (10) These results, concerning the location of transition lines and Lifshitz point, were derived originally for second-order transitions.
In the present case, symmetry requires that all transitions be first-order so that an conclusions based upon analysis of the harmonic term only necessarily pertain to metastable states, obtained by supressing the first-order transitions.
Hence, loci • 0=0, ~m i n=O, must represent stability limits, rather than true equilibrium transitions and, likewise, Eq, (13) must represent a metastable Lifshitz point. Therefore, the present formalism extends "beyond the Lifshitz point" the earlier spinodal ordering formalism, the latter itself being considered as a non-equilibrium extension of the Landau theory of second-order transitions.
It must be emphasized, however, that the location of instability lines cannot be determined rigorously, either theoretically or experimentally:
theoretically, the locus of vanishing of second derivations depends on the analytical model adopted for the free energy and experimentally, the temperature at which instability sets in must depend upon past history of the system, unlike equilibrium transitions which are history-independent.
Nevertheless, the approximate determination of stability limits can be of considerable help in semi-quantitative analysis of the behavior of either quenched or irradiated solid solutions, as will now be shown.
DISCUSSION
The various metastable loci, +0=0, +mi n=O, +a=O, and their intersection L, the metastable Lifshitz point, have been sketched on Fig. 1 in a manner which best accounts for the available experimental data. In particular, line +:z=0 was placed so that all SP (unmodulated) SRO· states, both equilibrium fluctuation and steady-state, are to the left of it, and all non-SP (modulated) SRO states are to the right. If a Bragg-Williams model were used for the free energy, the .;z line would be straight and vertical; in Fig, 1 it was drawn slightly 11 curved for the following reasons: low-temperature irradiation steady-state SRO appears to be unmodulated (no satellites) for the 16% composition (see The ordering instabilities, ~o=O for the SP ordering and ~mi n=O for non-SP ordering, have been drawn fairly close to the equilibrium first-order transition lines, particularly ~mi n' because experimental evidence 10 indicates very narrow two-phase regions so that the postulated peritectoids must be close to being critical end points, through which instability lines must pass 51. In principle, it would be possible to calculate these several loci provided or not will depend upon whether the sample composition, at the irradiation temperature, is to the right or, respectively, to the left of the <11 2 =0 locus. At these temperatures, then, <112 must be located around 17 at.% Pd. Satellite spacing clearly increases as the Pd content increases, eventually approaching that of the <3> structure.
At higher temperatures, the metastable loci constructed in Fig. 1 
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